Amorphous solids show surprisingly universal behaviour at low temperatures. The prevailing wisdom is that this can be explained by the existence of two-state defects within the material. The so-called standard tunneling model has become the established framework to explain these results, yet it still leaves the central question essentially unanswered -what are these two-level defects? This question has recently taken on a new urgency with the rise of superconducting circuits in quantum computing, circuit quantum electrodynamics, magnetometry, electrometry and metrology. Superconducting circuits made from aluminium or niobium are fundamentally limited by losses due to two-level defects within the amorphous oxide layers encasing them. On the other hand, these circuits also provide a novel and effective method for studying the very defects which limit their operation. We can now go beyond ensemble measurements and probe individual defects -observing the quantum nature of their dynamics and studying their formation, their behaviour as a function of applied field, strain, temperature and other properties. This article reviews the plethora of recent experimental results in this area and discusses the various theoretical models which have been used to describe the observations. In doing so, it summarises the current approaches to solving this fundamentally important problem in solid-state physics.
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I. INTRODUCTION
Two-Level-Systems in amorphous materialsThe properties of amorphous or glassy material are dominated by the observation that they have short range atomic order without long-range order. Even though they have been studied for decades, there is still a surprisingly large amount that is not understood about such materials. Despite the randomness of the atomic arrangements, and even independent of their chemical composition, most amorphous solids display surprising similarities in their properties at temperatures below a few Kelvin. This universality is typically explained via the so-called standard tunneling model (STM), whose basic principle is that the low-temperature behaviour of glassy systems is dominated by the presence of two-level defects (TLS) within the material. These defects are in general not due to impurities inside the materials, but rather emerge from the deviations away from crystalline order which characterise the amorphous state. Due to their low energy, such two-level defects are typically saturated at high temperatures. However as the material cools, these additional degrees of freedom become available and can dominate the low temperature properties.
In general, the STM is exceptionally good at describing the low-temperature behaviour of most amorphous materials (Enss and Hunklinger, 2005; Esquinazi, 2013) . As this approach treats the defects at a phenomenological level, it can be used across many different systems. However, it leaves one fundamentally important question unanswered -what is the underlying microscopic nature of the two-level defects?
Two-Level-Systems in Quantum Devices -Recently, TLS have attracted substantial renewed interest because they are seen as a major source of noise and decoherence in superconducting quantum devices. This includes superconducting quantum bits (qubits), which are circuits with resonance frequencies in the microwave range, tailored from microstructured inductors, capacitors, and Josephson tunnel junctions (JJs) (Clarke and Wilhelm, 2008; Devoret and Schoelkopf, 2013; Devoret and Martinis, 2004) . To operate such a circuit as a qubit, it is necessary to have two long-living eigenstates which are used as logical states |0 and |1 , and between which transitions can be driven to realize logical quantum gates. Since such circuits in general have more than two excited states, they need to be sufficiently anharmonic so that all transition frequencies are unique and can be separately addressed. This is realized by incorporating Josephson junctions, which can be modelled as nonlinear inductors whose value is tuned via a bias current or an applied magnetic flux. Since the first observation of coherent quantum dynamics in a Cooper pair box in the year 1999 (Nakamura et al., 1999) , superconducting qubits have evolved into one of the leading contenders for the realization of large-scale quantum computing Mohseni et al., 2017) However, loss and fluctuations due to parasitic coupling to TLS present a significant source of decoherence for superconducting qubits. At present, circuits are typically fabricated from superconducting aluminium because it allows the formation of high-quality JJs using the well-established techniques of double angle shadow evaporation (Dolan, 1977; Dolan and Dunsmuir, 1988; Niemeyer and Kose, 1976 ) (see Fig. 1b ) for an example). Once the sample chips are exposed to air, an amorphous oxide layer will grow on any exposed aluminium structure, which is characterized by a large dielectric loss that in turn is attributed to high TLS densities in the amorphous material . Moreover, the tunnel barrier of JJs is also made from amorphous aluminium and thought to host TLS. Figure 1a ) illustrates some models of TLS formation in Josephson junctions.
When the two states of a TLS are associated with the displacement of a charge, they possess an electric dipole moment which couples them to the oscillating electric field present in capacitive circuit components. This coupling may become particularly strong for TLS residing in the typically 2 nm-thin tunnel barrier of JJs, where the electric field strength can reach several 100 V/m. While such strongly coupled TLS are especially detrimental to qubit operation, their strong interaction with the circuit This design is similar to Barends et al. (2013) .
dynamics provides a pathway towards direct manipulation and readout of the state of the microscopic defects using their macroscopic host device.
When we consider TLS in quantum devices, there is a useful classification to bear in mind which relates to the ratio of the TLS level splitting E, i.e. the energy difference between its two eigenstates, and the thermal energy k B T of the environment at ambient temperature T . Thermal Fluctuators are TLS whose level splitting is smaller than temperature, E < k B T . These will be thermally active and mostly flip incoherently between their two eigenstates at a switching rate γ 1 (E, T ). Such TLS will manifest themselves in the dynamics of quantum devices as contributions to the low-frequency environmental noise spectrum, mostly responsible for loss of coherence (Dutta and Horn, 1981) .
Coherent TLS, on the other hand, are those having an eigenenergy that is larger than the ambient temperature, E > k B T , and which can be similar to the excitation energy of the hosting quantum device. As these TLS will mostly remain in the ground state, they are able to resonantly absorb energy from the quantum circuits and dissipate it into their own environment that might consist of phonon modes, TLS in their vicinity, or quasiparticles formed from residual non-superconducting charge carriers Shnirman et al., 2005) . Such high-energy TLS can even reach the strong coupling regime characterized by a coupling strength that exceeds the decoherence rates of both TLS and the qubit. This results in modifications of the energy level structure and quantum dynamics of the hosting device which can be directly observed (Neeley et al., 2008b; Simmonds et al., 2004a) .
Although this distinction between thermal fluctuators and coherent TLS is not fundamental, it provides a useful distinction when considering the possible dynamical effects that can arise from an individual TLS or the effect of an entire ensemble (Wold et al., 2012) .
State of the art -The impressive enhancement of coherence times that was seen in experiments with superconducting qubits during the last decade (Devoret and Schoelkopf, 2013; Steffen, 2011) , was to a large extend achieved by reducing the coupling to TLS with improved circuit designs, rather than by lowering the TLS densities by improving materials and fabrication procedures. The best performing qubits today employ small tunnel junctions to reduce the number of strongly coupled TLS, and employ circuit layouts in which the electric field concentration is reduced at lossy interfaces, e.g., by increasing the distances between capacitor electrodes. This is clearly demonstrated in so-called three-dimensional "Transmon" qubits (Paik et al., 2011; Rigetti et al., 2012) , which feature large capacitor plate separation and are placed into cavity resonators having large volumes of a few cm 3 , such that the electric field strength is significantly lower than in other designs (see Fig. 1c ) for an example). Careful revision of clean-room recipes has been identified as a second necessity in order to avoid the emergence of TLS during sample fabrication. For example, improper cleaning of interfaces prior to metal deposition is believed to result in TLS formation due to incorporation of chemical residuals such as photoresist or adsorbents such as OH − . The growing understanding of how to evade the TLS problem has brought superconducting circuits in short time to the verge of becoming scaled up to integrated quantum processors. Nevertheless, dielectric loss remains responsible for the major part of energy relaxation in state-of-the art qubits (Wang et al., 2015a) , and coupling to even sparse TLS baths causes relaxation and dephasing (Faoro and Ioffe, 2015a) . These issues will gain in importance once circuits comprise more than a handful of prototype qubits, and thus must be urgently addressed to ensure continuation on the path towards a solid-state quantum computer.
On the other hand is it just this sensitivity to even single defects that makes superconducting circuits ideal tools for the study of TLS and material dissipation mechanisms in the quantum (i.e. single-photon and lowtemperature) regime. The possibility of using superconducting qubits to probe individual defects has fundamentally changed both the questions that can be asked and that need to be asked. These circuits allow not just the dissipative dynamics of a defect to be resolved directly, but even enable one to measure and manipulate the quantum states of coherent TLS. This has opened doors to new tests and studies of the nature of individual defects and therefore the ensemble as a whole.
Outline -In this review, we focus on TLS which affect novel superconducting quantum circuits such as qubits and resonators. With qubits, one is able to access and control the quantum states of individual TLS, and this paves way to novel studies of their mutual interactions and decoherence mechanisms. Microwave resonators are effective tools to characterize loss from defects at layer interfaces and to quickly validate fabrication processes. They are also a necessary part of the leading solid-state architecture for quantum computation, circuit-QED Wallraff et al., 2004) , where qubits are coupled to resonators to improve interactions and readout. We further review the existing theoretical models for the origin of TLS and how these can be reconciled with the existing and future experiments.
The review begins with a short introduction of the standard tunneling model, and how ensembles of TLS are a source of low-frequency noise for superconducting circuits. We continue in Section III with a brief discussion of the basic physical mechanisms by which TLS interact with superconducting qubits and their environment. Section IV gives an overview of experiments on qubits such as spectroscopy, by which the presence of coherent coupling to individual TLS was first revealed. It also reviews measurements of the coherent time evolution of TLS quantum states, including quantum state swapping, creation of TLS entanglement, measurements of TLS decoherence, and studies of mutual TLS interaction. Most of the knowledge about materials and fabrication steps which give rise to TLS formation has been obtained from experiments on superconducting resonators, which are described in Sec. V. The following Sec. VI gives a brief summary of other experimental architectures where TLS are believed to be of relevance, such as nano-mechanical resonators. In light of these experimental results, we then review the plethora of proposed microscopic models for the origin of TLS in Sec. VII. Recent progress and results from fabrication of superconducting circuits are summarized in Sec. VIII, which also includes a review of ongoing efforts to fabricate Josephson junction with crystalline tunnel barriers. Further recent reviews on the importance of materials in superconducting quantum bits were given by McDermott (2009) and Oliver and Welander (2013) .
II. BACKGROUND A. Standard tunneling model
The concept that a single atom can tunnel between energetically equivalent local potential wells was understood even at the birth of quantum mechanics (Cleeton and Williams, 1934; Hund, 1927) . Soon after, Pauling (1930) discussed the implications for the oscillatory and rotational motion of atoms in molecules and crystals. However, more recently there has been a vast array of different models proposed for the physical origin of TLS. The details of many of these models will be discussed in section VII but they all share some fundamental properties which form the basic components of the standard tunneling model (STM) (Anderson et al., 1972; Philips, 1972 Philips, , 1981 . In this section, we briefly summarise the key aspects of the standard tunneling model which will be important for the later discussions. A more in-depth overview of the STM and its supporting experiments is given in Enss and Hunklinger (2005) and Esquinazi (2013) .
The standard tunneling model makes the following key assumptions
• The TLS can exist in one of two energetically similar configurations.
• These configurations are modelled as two minima in a double-well potential which are separated by a barrier.
• At sufficiently low temperatures, thermal activation over the barrier is suppressed and the dynamics are governed by quantum tunneling through the barrier.
• In general, the system couples to applied electric or strain fields in such a way that transitions can be driven between the states.
• Due to the random atomic arrangements, an ensemble of TLS is characterized by a wide distribution of potential barrier heights and thus spans a large range of switching rates and eigenenergies.
A common visualisation of a TLS in the STM is given in Fig. 2 where a particle can sit in one of two parabolic potential wells. The energy asymmetry of the wells (either due to differences in the 'height' or 'width' of the well) is labelled ε. The energy associated with the process of tunneling through the barrier separating the wells is ∆ 0 . The effective Hamiltonian for this situation has the form
Note that for clarity, our notation here differs from the usual STM literature where typically the asymmetry energy ε is called ∆. Due to the tunneling between the wells, the two lowest eigenstates in the left (|L ) and right (|R ) well hybridise and form the eigenstates
which differ in energy by
and where the mixing angle θ is defined via tan θ = ∆ 0 /ε. In the limit |ε| ∆ 0 , the eigenstates are well described by the left and right well states. However for |ε| ≈ 0, the particle exists in a superposition of the two well states (assuming no significant interaction with the wider environment of the TLS, see section III).
Using Wentzel-Kramers-Brillouin (WKB) theory, we can estimate the value of ∆ 0 in terms of the barrier height V , the spacing between the wells d and the effective mass of the particle m (Esquinazi, 2013) , giving
where
The scale factor ω 0 depends on the exact functional form of the potential barrier, see Philips (1981) for examples. However this detail is typically unimportant for the overall behaviour of the system given the exponential dependence on λ.
position energy
Figure 2 Double-well potential modelling a TLS. The energy difference E between the TLS eigenstates |ψ+ and |ψ− is determined by the asymmetry energy ε and the inter-well tunneling rate ∆0.
In contrast to disorder or impurity defects in crystals (which can also display TLS behaviour, see (Enss and Hunklinger, 2005) for a detailed discussion), the TLS parameters in amorphous solids vary from defect to defect due to the randomised nature of the local atomic configurations. The STM assumes that the asymmetry ε and tunneling parameter λ are independent and uniformly distributed, P (ε, λ)dεdλ = P 0 dεdλ, where P 0 is some constant. Re-expressing in terms of E and ∆ 0 ,
and integrating over ∆ 0 gives the density of states,
which is typically approximately constant over the energy ranges of interest. Here ∆ min 0 refers to the minimum tunneling energy, below which the particle can no longer tunnel between the wells and the TLS is essentially just two local minima in a classical sense. Typically, the observation timescale of an experiment (µs to 1000s of seconds) sets a minimum energy scale of interest. In amorphous glasses in general, the distribution of ∆ 0 extends far below any energy set by the experimental timescale (ie. ∆ 0 E) which supports the constant density of states approximation. Using this density of states and computing the specific heat of a material containing TLS defects, one finds that C V ∝ T (as opposed to the usual T 3 obtained from Debye theory). This modified temperature dependence is one of several key predictions of the STM for the low-temperature behaviour of amorphous solids.
Although the STM typically assumes independent TLS, including the effects of interactions between TLS leads to corrections to the low-temperature response of glasses due to the formation of collective states. Although such extensions to the STM have been studied in depth in glasses both experimentally and theoretically, recent work with superconducting circuits has provided far more direct evidence for TLS-TLS interactions. See section III for a discussion on direct probes of TLS-TLS interactions, section V.D for details on cluster formation and its effect on lumped-element resonators and section VII.D for examples of collective models for TLS origins.
An alternative to the TLS model is to assume localised phonon modes resulting from anharmonic local potential wells (the 'soft-phonon' or 'soft-potential' model (Ilin et al., 1987; Karpov et al., 1982) , see also section VII.D). Although the STM works very well to explain the thermal response of glasses below temperatures of 1K, distinct deviations from STM behaviour are observed between 1K and 10K, which could be explained in terms of the localised modes. More details on this model and its predictions in glass physics can be found in chapter 9 of Esquinazi (2013) . However, as this model is largely indistinguishable from the STM at temperatures below 1K, it has received little experimental attention in superconducting devices. The rapid closing of the superconducting gap as system temperatures approach the critical temperature of aluminium (T c ≈ 1.2 K) makes experimental tests in this regime extremely challenging.
B. TLS as a noise source in electronic circuits
The STM and its extensions are often used as models of electrical noise in general, especially in low-temperature electronic devices. Typically, this noise arises as an ensemble effect from a large number of TLS with some distribution of energies and tunnelling rates. Here, we briefly touch on noise in electrical circuits in general, so as to introduce the concepts and notation relevant to our later discussion.
When characterizing a fluctuating quantity (e.g. an applied voltage), one usually defines the spectral function of this quantity through the Fourier transformation of its two-time correlation function
In the specific case of an applied voltage in an electrical circuit, this spectral density (or noise power spectrum) has several components, including Johnson (or Nyquist) noise at zero applied voltage, and shot noise in the limit of low currents due to the discrete nature of electrons. Both these noise sources are 'white', in that they have a flat spectral signature, and their origin is well understood. However, at low frequencies, the dominant noise source has the functional form
which, when α ∼ 1, is the (in)famous '1/f noise'.
This contribution to the noise has been studied for decades and although it is ubiquitous across many different types of solid-state devices and experiments, at this stage it is still poorly understood. Recently, due to its detrimental effects on coherent superconducting circuits, the need to understand the microscopic origin of this noise has been given a new urgency (see Paladino et al., 2014 for a recent review of 1/f noise in qubits). This is important as qubit or resonator coherence depends on both the noise power at the resonance frequency of the circuit and at or close to zero frequency. It is common that coherence times are limited by the 1/f noise power (see section IV for more details).
The random nature and distribution of relaxation times characteristic of the STM already suggests that an ensemble of TLS might provide a viable model for the 1/f noise. Although Dutta and Horn (1981) proposed several decades ago that a model involving a distribution of TLS switching rates P (γ) ∼ 1/γ would result in the required spectral characteristics, the link between a TLS ensemble and 1/f noise has been difficult to prove definitively. In the context of qubits, Shnirman et al. (2005) showed that assuming a non-standard distribution of STM parameters, P (ε, ∆ 0 ) = (ε/∆ 0 ) s with −1 ≤ s ≤ 1, leads to a linear distribution of TLS energies E and then to a spectral density S ∝ 1/f for hf k B T while also giving the standard 'Ohmic' signature (S ∝ f ) at high frequencies hf k B T . The cross-over between these different noise regimes has also been studied experimentally (see for example Astafiev et al., 2004 and Quintana et al., 2017) and theoretically . Another study investigated the effects of saturation on the noise spectral function of electrically driven TLS ensembles and found no reduction in noise at both high and low frequencies (Constantin et al., 2009) . Several authors have pointed out that allowing for TLS-TLS interactions provides self-consistent distributions for STM parameters that are closer to experimental reality than the canonical ones (Faoro and Ioffe, 2015a; Schechter and Stamp, 2013) and can explain recent results on fluctuating noise in superconducting resonators and qubits (Burnett et al., 2014b; Müller et al., 2015) .
III. TLS INTERACTIONS
Here we introduce the basic ideas of how TLS can couple to the dynamics of superconducting circuits and other degrees of freedom in experiments. These ideas are closely tied to the possible microscopic models for the origin of TLS, further reviewed in Sec. VII.
A. Interactions with quantum devices TLS in close vicinity to quantum circuits can couple to their dynamics by three basic mechanisms, explained below.
Critical current fluctuations -In the first model, the two TLS states are associated with different transparencies of the tunnel barrier, corresponding to a change of the junction's critical current. Since the rate of Cooper-pair tunnelling across the tunnel barrier falls off exponentially with distance, at rough interfaces the current is transported through a discrete set of conductance channels. Thus, blockage of one channel by a displaced charge may have a large impact on the total conduction, especially for small area junctions (Nugroho et al., 2013; Van Harlingen et al., 2004; Wakai and Van Harlingen, 1987) . A similar variation of critical current might be due to a strongly coupled Kondo impurity in the junction dielectric (Faoro and Ioffe, 2007; . The coupling strength g between qubit and TLS is then directly proportional to the variation in critical current corresponding to the two states of the TLS, allowing the strong coupling regime to be reached in principle, where the coupling strength between qubit and TLS g is much larger then the individual qubit and TLS decay rates, g > Γ Q , Γ TLS , with Γ Q and Γ TLS being the decoherence rates of qubit and TLS, respectively. The strong coupling regime allows one to directly access and manipulate the TLS quantum state using the qubit as a bus (see Section IV.D). The critical current coupling was presumed to generate the 1/f noise observed in JJs and SQUIDS (Constantin and Yu, 2007; Shnirman et al., 2005) and also limit the coherence time of qubits through the associated fluctuations of the qubit energy (Simmonds et al., 2004a) . However, the majority of qubit experiments performed in the last decade are consistently explained by assuming that TLS couple to the Josephson junction's electric field rather than modifying its critical current, as explained in more detail in the following. In addition, the major source of low-frequency noise in quantum electronics is now thought to be fluctuating magnetic fields, as explained in more detail in Sec. III.C.
One noteable experiment which found direct indication that TLS also modify the critical current of a Josephson junction was reported by Zaretskey et al. (2013) . Here, the spectrum of a Cooper-pair box was observed to be twinned, displaying multiple parabolas shifted both in frequency and offset in gate charge. These observations were shown to be consistent with TLS that couple to both the voltage across the junctions and the critical current, where the latter was found to fluctuate by a large relative value of 30% to 40%.
Charge fluctuations -In the second model, TLS are perceived as atomic-sized electric dipoles, which couple to the oscillating electric fields E in capacitive circuit components or in the tunnel junction barriers. The cou-pling strength between a qubit and a TLS is then given by g = p · E, where p is the TLS' dipole moment Martinis et al., 2005) . Charge TLS residing within the tunnel barrier of Josephson junctions are exposed to relatively high electric fields of up to several hundred V/m and can therefore also be in the strong coupling regime. Charged TLS residing on the circuit substrate or in amorphous surface oxides of electrodes will still couple to the stray electric fields induced by the circuit dynamics and can thus lead to dielectric loss and energy relaxation .
Finally, magnetic impurities on the surfaces of the quantum circuits provide fluctuations of the magnetic field threading SQUID loops of the circuits. Such loops are typically used in superconducting electronics as an effective means to make the Josephson energy E J tunable by an applied magnetic field. In this case, the interaction manifests itself as fluctuations in Josephson energies, very similar to the effect of a fluctuating critical current . Magnetic impurities arising from adsorbed surface spins such as molecular oxygen and atomic hydrogen are thought to be mainly responsible for the low-frequency magnetic noise, as their coupling to the circuit dynamics is in general weak (de Graaf et al., 2017; Kumar et al., 2016; Wang et al., 2015b) .
B. Interactions with their dissipative environment
Apart from interaction with the dynamics of the hosting device, TLS will almost always show dissipative dynamics, characterized by thermally induced state switching and fluctuations in TLS energy. The canonical source of dissipation and decoherence for TLS is their coupling to phonon modes in their hosting material. The physical mechanism of this coupling is the variation in groundstate energy in each well of the TLS due to the variation of the surrounding potential structure through interactions with phonons and strain, and the subsequent variation in the asymmetry energy ε of the TLS (Jäckle, 1972) For charged TLS in piezoelectric substrates, the coupling to phonons might be enhanced due to the additional electrical component (Ku and Yu, 2005) .
Charged TLS in the vicinity of a superconductor can additionally interact with BCS-quasiparticles originating in incomplete electron pairing. This mechanism is similar to the one proposed to be responsible for qubit dissipation at elevated sample temperatures, where quasiparticles tunneling across a JJ can absorb energy from the qubit , and has been shown to be relevant for strongly coupled TLS in phase qubits Lisenfeld et al., 2016; Zanker et al., 2016) . The resonance frequency of TLS 1 fluctuates due to its interaction with TLS 2, which undergoes random thermal state switching since its energy is below kBT . A qubit or resonator close to resonance with TLS 1 thus experiences a fluctuating environmental noise spectral density S(ω), affecting its energy relaxation rate and resonance frequency. b) Top: Telegraphic switching and drifting of the resonance frequency, observed in a TLS near 7.36 GHz (Lisenfeld, 2011) . Bottom: TLS resonances measured by direct microwave spectroscopy at the times indicated by blue and red circles in the top panel.
C. TLS-TLS interactions
Mutual interaction between TLS may occur by both elastic and electric dipole coupling when the defect separation does not exceed a few nanometres. A system of two coherent and strongly interacting TLS has been fully characterized by Lisenfeld et al. (2015) , where straintuning spectroscopy was used to map out the system's energy levels. The level structure of the system was found to be consistent with a dipolar interaction between TLS, where the coupling strength was a substantial fraction ∼ 10% of the TLS level splitting. Earlier experiments in the same group had already shown similar but weaker interactions in other TLS, making it evident that TLS-TLS interactions are not uncommon (Grabovskij et al., 2012) .
When high-frequency TLS are interacting with lowfrequency TLS whose excitation energy is below k B T such that they undergo random thermal state transitions (ie. a bath of thermal fluctuators), the resonance frequency of the high frequency (coherent) TLS may be subject to time-dependent fluctuations, so-called spectral diffusion (Black and Halperin, 1977) . Telegraphic noise in the resonance frequency of a TLS, as shown in Fig. 3  a) , occurs when its coupling to a single thermal fluctuator dominates (Faoro and Ioffe, 2012) , and this can lead to flicker noise in resonators as observed by Burnett et al. (2013) and Lindström et al. (2011) .
Spectral diffusion has been proposed as the origin of phase noise in superconducting resonators (Burnett et al., 2014a) , who explain the observed increase of noise at low temperatures by departing from the STM and invoking a modified TLS parameter distribution and strong mutual TLS interaction. Resonator noise is hereby created by its coupling to nearly resonant TLS which undergo spectral diffusion such that they continuously change their detuning with the resonator and thus act as a fluctuating bath as illustrated in Fig. 3 b) . A similar model has been presented by Müller et al. (2015) to explain the temporal fluctuations of the energy relaxation rate observed in superconducting qubits (Bertet et al., 2004; O'Malley et al., 2015; Paik et al., 2011) . For a 3D-Transmon qubit, Dial et al. (2016) observed the T 1 time to fluctuate between 100 and 200 µs within several hours. In microwave resonators, loss rate fluctuations up to 30% were reported by Megrant et al. (2012) and attributed to the same mechanism.
One specific case where interactions between TLS are particularly important is the origin of low-frequency magnetic flux noise. The magnetic noise observed e.g. in superconducting quantum interference devices (SQUIDs) has a typical amplitude of
, limiting the sensitivity of a range of magnetometry and sensing applications as well as severely reducing coherence times of many superconducting qubits. Studies have shown that the magnetic noise is predominantly generated in the native oxide encasing the SQUID and initial studies showed it to scale linearly with device dimensions (Anton et al., 2013; Sendelbach et al., 2008) . Spin densities of ∼ 5 × 10 17 m −2 have been inferred from measurements in a variety of SQUIDs (Sendelbach et al., 2008) as well as on other, non-superconducting material surfaces (Bluhm et al., 2009) . The frequency dependence of the low-frequency flux noise is found to be ∼ 1/f α up to GHz frequencies (Quintana et al., 2017; Slichter et al., 2012) , where the exponent α is of order 1 and has been shown to depend on temperature (Wellstood et al., 1987) which in turn affects device decoherence time (Anton et al., 2012) . Various models have been suggested, most of which involve interacting magnetic moments (Atalaya et al., 2014; Carruzzo et al., 1994; Chen and Yu, 2010; Kechedzhi et al., 2011) and very recently the roles of molecular oxygen (Kumar et al., 2016) and adsorbed Hydrogen atoms (de Graaf et al., 2017) have gained prominence (see section VII).
Interactions between TLS can lead to other interesting properties. Coppersmith conjectured that the universality seen in the STM stems from very strong dipolar interactions between the microscopic TLS. In this case frustration of the interaction will lead to some TLS being effectively decoupled from the rest of the ensemble and dynamically free. The properties of these TLS will be universal in a large range of parameters (Coppersmith, 1991) .
Similarly, Schechter and Stamp (2013) have proposed that much of the universal behaviour seen in glasses comes about due to the interaction between two classes of two-level defects. These classes are distinguished by their local symmetries with respect to inversion. Defects which are inversion symmetric about their mid point have (relatively) low resonance frequency (∆ 0 ) and do not couple to lattice phonons at first order. In contrast, defects which are not inversion symmetric have higher frequencies (exceeding those typically probed in qubit or resonator experiments) and respond more strongly to phonons. This difference in phonon response leads to three different TLS-TLS interaction energy scales (via dipolar interactions). At sufficiently low temperatures, the inversion asymmetric TLS effectively 'freeze-out' due to their mutual interaction. Hereby, they form an effective irregular spin-lattice which imposes a disordered local strain field upon the low-frequency (nominally symmetric) TLS. The interaction energy scales therefore lead to a hierarchy of different responses as a function of temperature and provide a plausible explanation for much of the universal behaviour attributed to TLS. This model was motivated and tested using disordered crystals (Gaita-Ariño and Schechter, 2011) but direct applicability to amorphous metal-oxides is yet to be shown conclusively.
IV. EXPERIMENTS WITH QUANTUM BITS
A. Dielectric loss and participation ratio.
When TLS are coupled by their electric dipole moment to oscillating electric fields within the host device, they can resonantly absorb energy and give rise to dielectric loss. To quantify losses from different parts of a circuit, a useful concept is the participation ratio. It specifies the fraction of the device's total energy that is contained in the lossy component or material. The sum of all losses constitutes a limit for the circuit's total energy relaxation time T 1 , which can also be described as a quality factor T 1 = Q/ω with ω the circuit's resonance frequency (Wang et al., 2015a) :
Here, p i is the participation ratio of the lossy component labelled i, which has an internal quality factor Q i = 1/ tan δ i that is given by its loss tangent δ i , and Γ 0 is an additional dissipation rate accounting for nondielectric losses. Since the energy stored in a capacitive component scales with its capacitance C i and the volt-
i /2, the participation ratio increases with the square of the electric field strength |E i (r)| 2 integrated over the volume V i of the lossy component,
with i the permittivity of component material i, and E tot the total electric field energy in the entire space.
Due to the high field concentration near tunnel junction electrodes and at edges of interdigitated capacitors, even thin dissipative layers in these regions may have a large impact on the device performance.
A study of qubit energy relaxation rates and their dependence on the participation ratios of electrode surfaces by Wang et al. (2015a) found conclusive evidence that dielectric dissipation due to TLS is the major limiting factor in state-of-the-art qubits. This result holds both for 3D-Transmon qubits, which were tested by varying the geometry of capacitor electrodes, as well as for planar Transmons, both of which have been demonstrated with coherence times above 100 µs (Martinis, 2016; Rigetti et al., 2012) . A similar study investigating only 3D-Transmon qubits was recently presented by Dial et al. (2016) .
Early versions of phase qubits employed relatively large JJs and were usually fabricated in multi-layer processes which employ more deposition and cleaning steps than the double-angle shadow evaporation used for charge and flux qubits. This increases the chance of TLS formation at roughened surfaces or due to chemical residuals such as photoresist. In addition, junctions defined by etching from a deposited trilayer require insulation by a surrounding dielectric which creates a parasitic shunt capacitance that may host TLS. For these reasons, qubits employing such junctions have shown only relatively modest coherence times up to about 100 ns (Gunnarsson et al., 2013; Hoskinson et al., 2009; Lisenfeld et al., 2007) . Moreover, Niobium as electrode material is usually avoided nowadays in favour of aluminium, because it is suspected to hosts large TLS densities since it is a strong getter and known to develop thick disordered oxide layers (Halbritter, 2005) .
B. TLS microwave spectroscopy
The first signatures of strong interaction between qubits and individual defects were found in microwave spectroscopy experiments. Here, the qubit's excitation energy is varied in a range of a few GHz (typically by an applied magnetic field) and tracked by probing its population in response to application of long microwave pulses of varying frequency. If the qubit is tuned into resonance with a strongly coupled TLS, the signal changes from a simple Lorentzian to a split peak due to the lifted degeneracy in the coherently coupled system. See Fig. 4 (a) for an example of such measurements.
The characteristic avoided level-or anti-crossings were revealed in pioneering experiments on superconducting phase qubits performed in the group of J.M. Martinis (Simmonds et al., 2004a) . The observation that the distribution of anti-crossings changed once a sample was cycled to room temperature pointed towards the micro- In the so-called "swap-spectroscopy" experiment, the qubit is first prepared in its excited state by a microwave π-pulse and then tuned for a time ∆t to a varying probe frequency (see sequence in inset of upper panel). While the isolated qubit shows pure exponential decay due to energy relaxation alone (blue line), the qubit tuned into resonance with a strongly coupled TLS displays additional oscillations (red line) which reflect the redistribution of energy among the two systems due to quantum-state swapping. (Lisenfeld, 2011) .
scopic origin of the underlying TLS. Moreover, TLS were found to interfere strongly with qubit dynamics. Soon after, spurious resonances due to TLS were also observed in spectroscopy of flux qubits (Bertet et al., 2004; Plourde et al., 2005) and in the so-called Quantronium, which is a type of charge qubit consisting of a Cooper-pair box that is shunted by a large Josephson junction (Ithier et al., 2005) . Martinis et al. (2005) recognized that the major source of energy relaxation in first generation phase qubits was due to TLS-induced dielectric loss occuring in the junction barrier and its surrounding insulation layer. This was tested by measurements on microwave resonators and qubits fabricated from different materials (AlO x and SiN x ) and confirmed by the relations found between qubit decoherence and dielectric loss tangents. Moreover, an equation for the density of avoided level crossings observed in spectroscopy was derived from the standard tunneling model which reads
where E is the TLS energy, S is the splitting size, S max is a maximal possible splitting size determined by the largest TLS dipole moment, A is the junction area and σ is the material-specific defect density. Fits of this equation to the integrated number of observed splitting sizes showed good agreement with experiments and provides a robust way to estimate the defect density σ. For Al/AlOx junctions, typical TLS densities per frequency interval and junction area were quoted as σ ≈ 0.4 -0.5 (GHz µm 2 ) −1 Simmonds et al., 2009; Stoutimore et al., 2012) . Assuming a typical tunnel barrier thickness of 2-3 nm, these measurements correspond to defect densities of ρ ≈ 10 2 /µm 3 ·GHz at maximal observed dipole moments of p max ≈ 6 − 8 Debye. Slightly higher densities of σ ≈ 2.4 (GHz µm 2 ) −1
were reported for Al/AlO x junctions by Gunnarsson et al. (2013) Spectroscopy can also be used to investigate the origin of the coupling between a qubit and TLS. Lupaşcu et al. (2009) observed the two-photon transition to the third excited state of a flux qubit-TLS system and found that TLS must be two-level or at least highly anharmonic systems which are purely transversally coupled to the qubit. A similar analysis has been done with TLS in phase qubits Du et al., 2014) . Palomaki et al. (2010) observed resonant coupling of TLS to higher excited states in a current-biased DC-SQUID and conclude from spectroscopy that TLS coupling strengths are distributed in agreement with the STM. Spectroscopic data on multi-photon transitions of TLS in a phase qubit by Bushev et al. (2010) were further analysed by Cole et al. (2010) in an effort to verify different TLS models (see Sec. VII). All of these works could be consistently explained by assuming that TLS couple to the capacitive elements of the quantum circuits via an electric dipole moment, and some were even able to place strong bounds on alternative models .
Avoided level crossings are rarely observed in experiments with charge qubits, Transmons and flux qubits. These devices employ very small Josephson junctions with typical areas of 0.01 − 0.1 µm 2 , in contrast to phase qubits in which junctions have sizes of 1 − 10 µm 2 . However, TLS densities in submicron-sized junctions were reported to be even lower than expected from the statistical scaling with junction area according to Eq. (13), giving rise to speculation about self-annealing effects and the role of reduced film stress in smaller geometries (Oliver and Welander, 2013) . Schreier et al. (2008) tested in total 10 Transmon samples and 10 charge qubits and found avoided level crossings in three of them, estimating the density of strongly coupled TLS to about one per 5 GHz frequency interval and per sample.
Even if avoided level crossings are not observed in qubit spectroscopy, their relatively strong coupling to TLS residing in other capacitive circuit components can still be detected by resonant enhancements of the qubit energy relaxation rate, while the larger number of TLS located in regions of weaker electric fields contribute to a background relaxation rate that is independent of qubit frequency. Barends et al. (2013) found qualitative agreement between such data obtained on so-called Xmonqubits and Monte Carlo simulations of random TLS distributions, in which defects were assumed to occur in a 3-nm thick oxide layer on the aluminium electrodes of the coplanar qubit capacitor at similar densities as verified for AlO x tunnel barriers. When the qubit resonance frequency is being tuned quickly, Landau-Zener transitions may occur when the qubit is swept through resonance with strongly coupled TLS. This results in a reduction of the readout fidelity of phase qubits (Cooper et al., 2004) and in additional losses during qubit operations. Tan et al. (2015) describe how this effect can be used as an alternative method of TLS spectroscopy with qubits.
TLS in charge qubits and single-electron transistors -TLS were also reported in experiments on charge qubits and single-electron transistors (SETs). In these devices, a static electric field can be applied across the junction barrier which for electrically active TLS tunes their asymmetry energy. Kim et al. (2008) observe four avoided level crossings in a cooper pair box qubit and find the TLS energy to be linearly dependent on the static electric field across the junction, as expected for a TLS formed by an electric charge dipole. Pourkabirian et al. (2014) observe that the charge bias of an SET is subject to a logarithmically slowed drift after a sudden voltage step was applied to the gate. This was interpreted as originating in the slow relaxation of TLS which ended up in their excited state due to inversion of their asymmetry energy by the gate voltage step. The same group also studied the temperature dependence of charge noise in an SET and showed that the environmental TLS were in stronger thermal contact with the SET electrons than with the phonons in the substrate (Gustafsson et al., 2013) .
In earlier work, Zorin et al. (1996) directly probed the low-frequency noise in SETs with very small islands, focussing on correlations between fluctuations in two adjacent SETs. In this way they could determine that the responsible fluctuating charges were located either in the substrate or the dielectric covering the circuits. phase qubit, it was shown that TLS resonance frequencies indeed depend hyperbolically on the applied strain as expected from the standard tunneling model Eq. (4). The strain s results in a linear variation of the TLS' asymmetry energy ε ∝ γs, where γ is the strain-coupling strength (also called the deformation potential). From hyperbolic fits to strain-spectroscopy data, typical values of γ ≈ 0.1 − 1 eV were extracted, which are consistent with measurements on bulk glasses (Phillips, 1987) . Lisenfeld et al. (2015) applied mechanical strain-tuning while TLS were tracked by their resonant enhancement of the qubit relaxation rate. This technique enables expressive strain-spectroscopic measurements of the TLS distribution as shown in Fig. 5 . Such data also reveals mutual TLS interaction in the form of avoided level crossings, non-hyperbolic traces, and telegraphic switching of TLS resonance frequencies.
D. Quantum dynamics of individual TLS
Quantum state swapping -When a qubit is prepared in its excited state and tuned into resonance with a TLS, the probability to find the excitation in the TLS will oscillate at a frequency that corresponds to the coupling strength. An example of such a measurement is shown in the upper panel of Figure 4 (b). In the socalled swap-spectroscopy technique, the qubit decay is monitored additionally as a function of frequency, e.g. by using flux pulses for fast qubit tuning Shalibo et al., 2010) . The strong coherent coupling to individual TLS is revealed by the characteristic "Chevron"-type pattern as shown in the lower panel of Fig. 4 (b) , displaying the oscillatory redistribution of energy in the system. This effect enables one to swap the quantum states of TLS and qubit by bringing both in resonance for a duration of half the inverse coupling strength. A TLS can then be prepared in an arbitrary quantum state and its state can also be read out by swapping it into the qubit, where it becomes accessible for measurement. This technique in principle allows one to use a TLS as a logical qubit, while the hosting superconducting qubit is merely used for TLS manipulation and readout (Zagoskin et al., 2006) .
Resonant swapping of quantum states between a phase qubit and a TLS has first been observed in the time domain by Cooper et al. (2004) . Subsequently Neeley et al. (2008a) demonstrated the operation of a TLS as a quantum memory by storing the qubit state in the defect and recovering it after a waiting time. Although contemporary qubit samples show much longer coherence times than the randomly occurring defects in alumina, certain kinds of TLS in nearly crystalline materials, which presumably display a high degree of coherence, may still become useful for quantum information processing applications.
Swap spectroscopy was also used by Shalibo et al. (2010) to obtain statistics about TLS coupling strengths and their coherence times. TLS lifetimes T 1 between 12 ns and 6 µs were observed and found to be on average anti-correlated with the coupling strengths to the qubit. This finding can be explained by the scaling of the radiative loss rate due to phonons with the defect's dipole size.
Entanglement will emerge during the time-evolution of resonantly coupled quantum systems which share a single excitation. Simmonds et al. (2009) report on experiments where a phase qubit was tuned into resonance with a resonator and, simultaneously, two random TLS. Measurements of the qubits' state population in the time domain were consistent with the emergence of four-particle entanglement. Grabovskij et al. (2011) used a phase qubit to mediate entanglement between two TLS by tuning the qubit subsequently into the TLS resonances and performing a partial swap operation on each. A similar experiment probed the decay of an entangled state between a TLS and a resonator (Kemp et al., 2011) .
The time evolution of different entangled states in a resonantly coupled qubit-TLS system was observed by Sun et al. (2012) , who also studied the emergence of tripartite entanglement via partial Landau-Zener transitions that occur when an excited phase qubit is swept through the resonances of two strongly coupled TLS. Wang et al. (2013) studied a coplanar resonator which incorporated a DC-SQUID in its center strip, allowing its resonance frequency to be tuned by an applied magnetic flux. Using a phase qubit, one-and two-photon Fock states were generated whose decay times were measured as a function of frequency, revealing the presence of TLS coupled strongly to the resonator. Moreover, manipulation and readout of individual TLS was demonstrated by swapping of quantum states from the qubit via the resonator to the TLS and vice versa.
Measurements of TLS decoherence times -A phase qubit that is strongly coupled to a TLS displays beating Rabi oscillation when the system is resonantly driven (Ku and Yu, 2005) . This was studied as a function of drive amplitude (Sun et al., 2012) and detuning (Lisenfeld et al., 2010b) . In the latter work, it was found that a Raman-type transition exists in the detuned system which allows one to directly manipulate the TLS' quantum state by resonant microwave driving while the qubit remains in its ground state. This technique was used by Lisenfeld et al. (2010a) to probe the temperature dependence of TLS energy relaxation and dephasing rates, which at elevated temperatures were found to exceed the rates due to TLS-phonon coupling. The responsible mechanism was identified by Bilmes et al. (2016) to originate in the interaction of TLS with BCS quasiparticles, where TLS couple to the evanescent electronic wave function that leaks from the junction electrodes into the tunnel barrier. This work also showed that one may obtain information about the location of TLS across the tunnel barrier by injecting quasiparticles either into the junction's top or bottom electrodes, which can provide clues about the fabrication step in which TLS predominantly emerge. Lisenfeld et al. (2016) find evidence that the decoherence rates of individual TLS are limited by their interaction with thermally fluctuating TLS in their direct vicinity. This has been deduced from an observed linear dependence of TLS decoherence rates on asymmetry energy, which was tuned by mechanical strain. In addition, strain-independent maxima observed in TLS' energy relaxation rates at certain frequencies were attributed to the coupling of TLS to geometry specific phonon modes in the Josephson junction.
V. EXPERIMENTS WITH SUPERCONDUCTING RESONATORS
Superconducting microwave resonators (Zmuidzinas, 2012) have recently found new applications as readout devices for superconducting quantum bits Wallraff et al., 2004) , for qubit interconnections Sillanpää et al., 2007) , as quantum memories , as quantumlimited amplifiers (Bergeal et al., 2010) , and as detectors for single photons, so-called kinetic inductance detectors (KIDs) (Day et al., 2003) . Such resonators are typically shaped into a coplanar configuration as illus- trated in Fig. 6 a) and b), in which a central conductor of certain length is separated by gaps of a few µm size from the ground planes. Alternatively, lumped-element resonators comprise discrete planar inductors and capacitors, see Fig. 6 c) for an example. Due to the presence of amorphous dielectric layers in these circuits, they will also be susceptible to interactions with TLS, which in turn can be useful to infer TLS properties. Well-known effects that originate in coupling between microwave resonators and TLS are power-dependent resonator loss, a temperature-dependent resonance frequency shift, and intrinsic excessive phase noise.
A. Power-dependent resonator loss
From the standard tunneling model, one expects the resonator energy loss rate to depend on the circulating power P int and on temperature T according to (Phillips, 1987; Wang et al., 2009) 
where tan δ 0 is a residual loss rate not due to TLS, and f R is the resonators resonance frequency. P c represents a critical power level beyond which TLS are starting to become saturated, which occurs when their effective Rabifrequency exceeds their loss rates, Ω R > 1/ √ T 1 T 2 . Here Ω R = p · E/ is the Rabi frequency for a TLS with dipole moment p in the resonant electric driving field E, having an energy relaxation rate 1/T 1 and dephasing rate 1/T 2 . The critical power level increases with temperature due to enhancement of the decoherence rates in accordance with the STM as observed by Goetz et al. (2016) and Macha et al. (2010) . The participation ratio p i represents the fraction of the total electric field energy that is concentrated in the TLS-hosting volume V i , c.f Eq. (12). The exponent β is of order unity and is numerically estimated from the resonator geometry to take into account the non-uniformity of the electric field distribution. It has been noted by Faoro and Ioffe that spectral diffusion originating in mutual TLS interaction may give rise to deviations from the expected power-dependence of the loss tangent, since TLS that drift into the investigated frequency range may remain unsaturated Ioffe, 2012, 2015b) . Sage et al. (2011) showed that it is possible to actively reduce the loss rate of a resonator by applying a strong microwave pump tone near the resonance frequency in order to saturate TLS. This method is also known as hole burning, which refers to the saturationinduced transparency enhancement observed in materials which are doped with optically active impurities such as dye molecules (Esquinazi, 2013) .
B. TLS induced resonance frequency shift
TLS-induced changes of a resonators resonance frequency can be attributed to a variation of the dielectric constant , described by (Gao et al., 2008b; Phillips, 1987) 
where Ψ is the complex digamma function and D the two-level density of states, Eq. (8). In contrast to loss, the dispersive frequency shift of the resonator also arises due to non-resonant TLS which are not saturated at high power levels, providing a means to characterize TLS densities also beyond the single-photon regime . However, Chang et al. (2013) observed a temperature-dependent frequency shift for TiN resonators that was in excess of the TLS effect and speculated about anomalous electrodynamic response of TiN or a power dependence of its nonlinear kinetic inductance.
C. Phase noise generated by TLS
The phase noise power spectral density obtained on transmission-line resonators is typically found to decrease with the internal resonator power as ∝ P −1/2 int , indicating TLS saturation according to Eq. (14) (Gao et al., 2007) . A similar noise power scaling ∝ P −0.46 int was found by Kumar et al. (2008) on Nb resonators, who also observed its dependence on temperature as ∝ T −0.14 and measured the TLS-induced resonance frequency shift in accordance with Eq. (15). Similar results were obtained by Lindström et al. (2009) . Gao et al. (2011) measured resonator noise using a quantum-limited Josephson parametric amplifier and found significant phase noise, while amplitude noise did not exceed the vacuum noise level above 100 Hz. Takei et al. (2012) attributed these results to squeezing of the noise quadratures by the nonlinearity of TLS coupled to the resonator, enhancing the strength of phase fluctuations while suppressing amplitude noise. As their model predicts the phase noise to scale with internal power as P −1 int in contrast to measurements, it was suggested that intrinsic TLS fluctuations contribute significantly to noise.
The temperature-dependent shift of the resonance frequency that is due to Eq. (15) was studied by Gao et al. (2008b) as a function of the center strip width w of Nb coplanar resonators (see Fig. 6 ). In resonators where the electric field was more concentrated (for smaller strip widths and gaps), the non-monotonic frequency shift was more pronounced (∝ 1/w), providing evidence that TLS are distributed in a few nm-thick oxide layer on the surfaces of superconducting electrodes, while those on the substrate in the gap region played a minor role. This was further scrutinised (Gao et al., 2008a) by comparing the level of fractional frequency noise in these resonators, for which a scaling ∝ w −1.58 has been found in agreement to calculations.
The magnitude of the temperature-dependent resonance shift was also shown to scale with the thickness of a TLS-hosting SiO 2 capping layer by Barends et al. (2008) using NbTiN resonators. The noise scaled with frequency as ∝ f −0.4 and was increased by the presence of the oxide layer but independent of its thickness, which highlights the importance of the interface.
Indications that resonator noise is predominantly generated by a few dozen strongly coupled TLS residing within local maxima of the electric field near the edges of superconducting electrodes were reported by Neill et al. (2013) , who performed measurements of the spectral noise density as a function of driving power.
Participation rate studies -Wenner et al. (2011) calculated the participation ratios of several interfaces using a finite-element solver and found the substratevacuum (S-V) and metal-substrate (M-S) interfaces to be 100 times more lossy than the metal-vacuum (M-V) interface. This is in accordance to Dial et al. (2016) and Sandberg et al. (2012) , who found an order of magnitude smaller filling factor for the M-V interface (F ≈ 0.1·10 −3 ) as compared to the S-V (F ≈ 1 · 10 −3 ) and the dominating M-S (F ≈ 3 · 10 −3 ) interfaces. The small participation of the M-V interface has been attributed to the large mismatch of dielectric constants . While above studies assumed the permittivity of the interfacial layer to be r ≈ 10, Quintana et al. (2014) point out that the relative contribution of the different interfaces depends strongly on r . At low r ≈ 2, which corresponds to the permittivity of copolymer resist, the S-M interface was shown to participate particularly strong, while the M-V and S-V interfaces contribute about equally.
The influence of TLS in the substrate can be reduced significantly by etching grooves in the gap region (Barends et al., 2010b; Bruno et al., 2015) . Wenner et al. (2011) showed that a 10 nm deep trench already reduces the participation ratio of the substrate-vacuum interface by 70%, while a 2 µm deep etch lowers it by 99%.
D. Experiments with lumped-element resonators
In lumped-element resonators, inductance and capacitance are provided by separate circuit components, usually employing meandering or coiled-up lines as inductors and interdigitated lines or overlapping films separated by a dielectric layer as capacitors. Overlap capacitors have the advantage that the electric field is mostly constrained to the dielectric volume and also homogeneous, obviating the need for a filling factor as in Eq. (14) to estimate the impact of TLS. Moreover, the dielectric in a plate capacitor can be much better defined than the spontaneously emerging surface oxides which may be affected by contamination due to their exposure to air. Ramanayaka et al. (2015) used lumped-element resonators employing parallel-plate capacitors with SiN x dielectrics and observed the 1/f -noise to scale with temperature as ∝ T −1−µ where µ = 0.3 to 0.7, pointing towards strong TLS interactions. For the power dependence, a scaling ∝ P −0.7±0.2 int was found, which is expected to differ from values in coplanar resonators since the electric field permeates the dielectric homogeneously. Moreover, dividing the noise amplitude by the loss tangent and temperature resulted in similar values for films of differing tan δ, pointing towards universality of the scaled noise. Bruno et al. (2012) probed the frequency dependence of the loss-rate of lumped-element resonators employing hydrogenated amorphous silicon (a-Si:H) dielectrics. This material is known to exhibit small TLS densities due to hydrogen atoms saturating dangling bonds and increasing the material density, which curtails the atomic motional degree of freedom (Liu et al., 2014; O'Connell et al., 2008) . This data was fitted to the "universal law" (Ngai et al., 1979) , which states that dielectric losses scale with the imaginary part of the electric susceptibility χ as tan δ ∝ Im(χ) ∝ ω n−1 R , where ω R is the resonance frequency and the exponent 0 < n < 1 indicates the strength of mutual TLS interactions. For n > 0.6, many-body interaction dominates, for n = 0.5, nearestneighbour interaction prevails, and no TLS interactions would result in constant losses (n = 0). For a-Si:H, Bruno et al. obtained a relatively small loss tangent at 4.2 K of tan δ = 2.5 · 10 −5 and extracted a value of n = 0.57 which is indicative of dominating nearest neighbour interactions.
A robust technique to probe TLS densities in differently fabricated Josephson junctions was proposed by Stoutimore et al. (2012) , who devised a lumpedelement resonator comprising a meandered inductor, an inter-digitated capacitor, and a Josephson tunnel junction. Strong coupling to individual TLS in the junction was measured spectroscopically by tuning the resonance frequency via an applied magnetic field and observing avoided level crossings, which occurred at similar densities as found in phase qubit experiments.
Indications that the TLS density of states increases monotonically with energy were found by Skacel et al. (2015) , who analysed the frequency-dependent loss in lumped-element resonators made with amorphous SiO dielectrics. This may stem from mutual TLS interactions, which are expected to decrease the density of states n(E) at small energies and give rise to a quadratic energy scaling n(E) ∝ E 2 due to the formation of an Efros-Shklovskii gap (Burnett et al., 2014a; Ioffe, 2012, 2015b) . Deng et al. (2014) used lumpedelement resonators to measure the loss tangent of thin AlO x layers formed by plasma oxidation, and obtained tan δ ≈ 1.6 · 10 −3 in agreement to other publications discussed here.
E. Electric field tuning of TLS
TLS respond to an applied electric DC field by variation of their asymmetry energy by δε = 2 p · E DC . Wellstood, Osborn et al. devised lumped-element resonators in which the capacitance was formed by four Al/SiN x /Al parallel-plate capacitors in an electrical bridge design, allowing one to apply an electric DC-field bias to the dielectric and hereby tune TLS resonance frequencies. Figure 6c) shows a photograph of the design.
Using such a device, Khalil et al. (2014) observed the dependence of resonator loss on the sweep rate of the DCfield. The constant field change results in enhanced losses because TLS which are tuned through the resonator's transition frequency may absorb energy by Landau-Zener transitions, while TLS saturation is effectively suppressed during fast sweeps. Sarabi et al. (2016) detected the hyperbolic signatures of individual strongly coupled TLS in the resonator transmission as a function of frequency and applied bias field, from which the distribution of TLS electric dipole moments could be extracted. THis showed a broad maximum between 1 to 3 Debye and extended up to ∼ 8.3 Debye. Moreover, avoided level crossings were observed in the transmission when strongly coupled TLS were tuned through the resonator's resonance. By fitting those to the Jaynes-Cummings model, the TLS' dipole moments and coherence times were extracted. Similar results were obtained recently by Brehm et al. (2017) , who investigated TLS residing in an Al/AlOx/Al plate capacitor that was connected to the end of a transmission-line resonator. By tuning TLS via an applied mechanical strain, resonances of individual strongly coupled TLS could be detected and their dipole moments and energy relaxation rates were extracted. The strong resonator-TLS interaction of this system resulted in pronounced resonator frequency fluctuations due to spectral TLS diffusion. Sarabi et al. (2015) observed the avoided level crossing due to strongly coupled TLS in a resonator to vanish as the driving microwave power was increased above the single-photon level, which is consistent with the formation of a coherent (Glauber) state in the resonator.
A random ensemble of TLS can even be used as a lasing medium and coherently amplify the resonator excitation, as was demonstrated by Rosen et al. (2016) . For this, TLS were first inverted via Landau-Zener-transitions by sweeping them electrically through resonance with an applied microwave pump tone. Afterwards, the excited TLS were tuned through resonance with the resonator, to which they transferred their energy by stimulated emission, generating the laser field.
VI. TLS IN OTHER DEVICES
There is a variety of other experimental systems in which TLS play a role. In this section we briefly comment on examples where the system in which the TLS effects can be seen displays some level of quantum coherence, or examples in which the effects of individual TLS can be measured or inferred.
The coupling of TLS to strain and phonons gives rise to a mechanism of damping in nano-and micromechanical resonators such as suspended beams and cantilevers, and was also shown to affect bulk acoustic resonators (Ahn and Mohanty, 2003) . For a more complete overview of recent developments in this field, see Aspelmeyer and Schwab (2008) and references therein.
Similarly to their effect on microwave resonators, the coupling of a mechanical resonator to a bath of TLS results in a temperature-dependence of damping and resonance frequency. In experiments by Goryachev et al. (2012) , bulk quartz acoustic wave resonators with quality factors exceeding 10 9 displayed a temperature scaling of the Q-factor ∝ T −0.36 , which metches well to a TLSbased model of dissipation (Seoanez et al., 2007) . Similar results were obtained earlier by Zolfagharkhani et al. (2005) . The power dependence of TLS-induced effects on a vibrating SiN x membrane was investigated by Suh et al. (2013) .
In doubly clamped Al beams, Hoehne et al. (2010) observed a logarithmic temperature dependence of the resonance frequency shift and a linear increase of the damping rate which is not explained by the STM. However, good agreement was found when taking into account that at low temperatures, the phonon wavelength of Al exceeds the lateral dimensions of the beam, which confines the phonon spectrum to that of a one-dimensional system. Moreover, these experiments indicated that TLS interact very weakly with conduction electrons, giving rise to speculations about unconventional TLS emerging from kinks on dislocations in the polycrystalline material. A theory modelling TLS losses in geometrically confined systems was given by Behunin et al. (2016) . Faust et al. (2014) studied a double-clamped string resonator fabricated from SiN whose temperaturedependent losses indicated coupling to structural TLS. In addition, observation of a loss maximum at higher temperature was interpreted as coupling to a second defect kind that was presumed to originate from hydrogen atoms incorporated during SiN film deposition.
Silica microtoroids are used in experiments probing the interaction between high finesse optical whispering gallery resonances and mechanical breathing modes. Rivière et al. (2011) showed that the temperature dependence of the microtoroid's mechanical resonance frequency and daming rate are in excellent quantitative agreement with those caused by TLS. This provided a means to infer the sample temperature with high accuracy.
Some systems also allow one to observe effects arising from single defects. The switching of individual two-state defects was blamed as the cause of telegraphic noise in field effect transistors (FETs) (Kirton and Uren, 1989) and give rise to blinking of fluorescent dye molecules (see Orlov et al. (2012) and references therein). Defect switching is also seen as the origin of telegraphic conductance fluctuations observed in metallic nanocontacts at intermediate temperatures (Ralls and Buhrman, 1988) . In such a system, the switching rate was also shown to vary with the applied mechanical strain as expected for atomic tunneling systems (Brouër et al., 2001) .
A recent experiment by Tenorio-Pearl et al. (2017) studied FETs formed by gated 1D nanowires, whose charge distribution was deliberately disordered by defective capping layers of TiO 2 or Al 2 O 3 . Under application of a microwave drive, the transistor current displayed a large number of resonances having high quality factors ≈ 10 5 , whose resonance frequency changed once the sample was thermally cycled. Moreover, the transistor current showed oscillatory behaviour resembling Larmor precession and Rabi oscillation in response to pulsed resonant excitation, with decay times up to several tens of µs. The origin of these resonances was attributed to charged two-state defects which influence the conductivity of percolating current pathways in their vicinity. However, considering the high degree of coherence observed at a sample temperature of 4.2 K, the nature of these defects must be different to those known from glasses. TLS even have a detrimental effect on the quality of optical devices such as lasers and atomic clocks when they reside in amorphous reflective coatings, where their mechanical fluctuation contributes to thermal noise. This was reported to be a limiting factor on the finesse of interferometers used in gravity wave detectors such as LIGO (Martin et al., 2014; Trinastic et al., 2016) 
VII. PROPOSED MICROSCOPIC MODELS FOR THE ORIGIN OF TLS
So far, all reported experiments are consistent with the assumption that the TLS in superconducting circuits are equivalent to those known to exist in amorphous dielectrics such as glasses (Anderson et al., 1972; Phillips, 1987) . While these TLS have been studied intensively during the last 40 years, their microscopic nature remains elusive (Leggett and Vural, 2013; Yu, 2004) .
The utility of the STM introduced in Sec. II is that the majority of observed phenomena can be described with only a few parameters, namely ε, ∆ 0 , their dipole response and the distributions of these parameters for a TLS ensemble. However, the recent work on TLS physics in superconducting circuits has focused on finding ways to not just understand, but actually remove TLS within the metal oxide surfaces and junctions. Therefore, a phenomenological model is insufficient, we need to know what a TLS is, not just how it behaves. Although the doublewell potential model illustrated in Fig. 2 provides an intuitive picture of how the TLS parameters might come about, remaining 'unknowns' in the problem are microscopic parameters such as particle mass and charge and the size and form of the TLS potential.
To date, many different proposals exist to explain the origin of TLS in amorphous oxides within superconducting circuits, the major categories of which are summarised below. Due to the random nature of the oxide structure, there is no clear reason to expect unique spectral signatures of a particular TLS type -in contrast to typical defects in crystals which reside in a more welldefined environment.
However, given the additional information obtained from more recent experiments on strongly coupled (coherent) TLS, there is hope that a accurate comparison to theoretical models is possible. This has encouraged several groups to investigate detailed computational models of TLS in amorphous material and then attempt to estimate the size of the resulting TLS parameters and their response to pulse sequences, applied strain, electric fields or temperature variation.
Determining the type of interaction
There are several possibilities of how to distinguish the type of interaction a given TLS has with their hosting device. In general, each type of interaction discussed above leads to a different term in the Hamiltonian. Cole et al. (2010) compared experimental data on two strongly coupled TLS in a phase qubit with different theoretical models. Their analysis was able to place strong bounds on the parameters of some of the microscopic models in the literature, specifically ruling out magnetic dipoles and severely restricting the Andreev level fluctuator hypotheses, but was ultimately not able to pin down a specific interaction model. Zhang and Yu (2011) proposed a similar experiment using strongly coupled TLS in a flux qubit, as present e.g. in the experiments of Lupascu et al. (2008) . Here the different symmetries of the flux qubit Hamiltonian make the same experiment sensitive to different degrees of freedom, potentially overcoming the constraints of the phase qubit experiments and further constricting the microscopic models.
Alternatively, in the case where the coupling between TLS and devices is not limited to a single type of interaction, one can test for cross-correlations between noise fluctuations in different Hamiltonian parameters, as was proposed for fluctuations in bias charge and critical current of the Josephson junction in a phase qubit (Faoro and Hekking, 2010) .
A. Tunneling atoms
One of the most physically appealing models is to assume that the two-level system is formed by the literal movement of an atom or small group of atoms between two potential minima. An illustration of such systems in an amorphous material is shown in Fig. 7 , depicting the motional degrees of freedom of atoms, dangling electronic bonds, and hydrogen atoms. Although this has traditionally been the physical picture that is most often quoted for the STM, it still leaves open the question of which atom or degree of freedom is actually 'moving'.
A key advantage of focussing on the specific problem of aluminium-oxide tunnel junctions is that the tunneling atom model of TLS can be made quite concrete, in contrast to the more generic glass studies of the 80s and 90s. However, for accurate simulation one still has to grapple with several problems from a quantum chemistry point of view. The energy splittings of typical strongly coupled TLS observed in experiments are 0.5 -10 GHz, (ie. neV) which is far too small for the majority of abinitio methods. In addition, the typical length scales of interest when studying metallic-oxides are typically 1-100 nm, involving 100s or even 1000s of atoms. Recent approaches to this problem have been to use first principles methods, or empirical and effective potentials which have been optimised to correctly model the aluminium-oxide bonding configuration within the oxide.
One of the original suggestions for the origin of TLS in AlO x and SiO 2 amorphous films observed with qubits was OH bonds or defects Shalibo et al., 2010) . Gordon et al. (2014) discussed the possibility that hydrogen interstitials within the Al 2 O 3 lattice or at the surface could form suitable two-level defects. They considered the stability of the various charge states of the hydrogen interstitial and the resulting structural geometries. They then solved the Schrödinger equation for the hydrogen atom within the potential formed by the surrounding Al 2 O 3 structure -this time obtained directly from ab-initio methods. Although they found electric dipole strengths commensurate with experimental observations, the calculated tunnel splitting as a function of O-O bond distance reached a minimum of approximately 16 GHz. Such a lower limit is not seen in experiments and is inconsistent with the picture of TLS contributing to both low-and high-frequency noise (see section II.B).
By a combination of ab-initio structures and single body Schrödinger equations, Holder et al. (2013) also investigated the role hydrogen plays in hydrogenated Al vacancies, bulk hydrogen interstitial defects, and in a surface O-H rotor. In this work, the structure was also computed using ab-initio methods to determine defect formation energy and stability. The potential landscape seen by the rotor was then extracted from the minimum energy pathway using the nudged elastic band method (Henkelman and Jónsson, 2000) . In particular, they showed that the formation of hydrogenated Al vacancies was energetically favourable and that these defects formed threefold degenerate rotors with tunnel splittings in the MHz to GHz range. These defects also displayed electric dipole moments of approximately 0.6 eÅ.
Using empirical potentials, DuBois et al. (2013) solved the Schrödinger equation for the position of the oxygen atom -in analogy with oxygen interstitial defects in crystalline silicon and germanium. Varying the position of surrounding aluminium atoms allows one to test various double-well configurations and compute the splittings to high precision using conventional finite-element techniques. Although one can find many atomic configurations that show the correct range of splittings and charge dipoles, this still leaves the question of which atomic configuration is the correct one largely unanswered. There are also significant differences in energy scale depending on whether a one-, two-or three-dimensional model is employed (DuBois et al., 2013 (DuBois et al., , 2015b . In principle, both these limitations can be addressed by taking realistic atomic positions from ab-initio molecular dynamics simulations (DuBois et al., 2015a) . However, at stoichiometries and densities which are representative of experimentally grown oxides, the resulting TLS have splittings in the range of terahertz and above. This suggests that the molecular environment within a junction is too tightly constrained to permit appreciable delocalisation of a single oxygen atom (DuBois et al., 2015b) , providing further weight to the argument that clusters of atoms are involved in forming the TLS (Reinisch and Heuer, 2005) .
In order to explore TLS arising from more realistic atomic configurations for amorphous Al 2 O 3 , Paz et al. (2014) performed molecular dynamics simulations at 'elevated' temperatures of 25K and searched for bistable switching between atomic configurations. The free energy profile was then extracted for these configurations and barrier tunneling and charge dipoles estimated. This approach allowed the identification of general structural motifs that display bistability without having to presuppose any particular symmetry of the defect. Several candidate configurations were found with charge dipoles of order 0.9 eÅ and estimated energy splittings of 70 -170 GHz. However, the statistics of defect identification was limited by both the amorphous nature of the structures and the complexity of the calculation.
B. Tunneling electrons
Following a similar philosophy to the tunneling atom models, the idea that single electrons can tunnel between local minima is also a very clear concept. Many of the earlier experiments on strongly coupled TLS where analysed in terms of such electron tunneling (Faoro and Ioffe, 2006; Faoro et al., 2005; Koch et al., 2007; Lutchyn et al., 2008; de Sousa et al., 2009) . However, this interpretation somewhat fell out of favour as the small energies of TLSs were taken as corroboration of tunneling atoms because of their larger mass as compared to electrons. To contribute appreciably to thermal properties at sub-Kelvin temperatures, a significant number of TLSs need to have energies of the order of gigahertz, which was considered inconsistent with the typical eV energy scale for electrons in solids (Agarwal et al., 2013) .
More recently, the tunneling of electrons has been readdressed considering more sophisticated effective models. Agarwal et al. (2013) showed that if an electron moving between two wells is dressed by a collective phononic state, this has the effect of renormalizing the effective TLS parameters. This renormalization factor was estimated to be of order e −10 and the resulting renormalised TLS parameters were found to be typical energy scales commensurate with experiments. The decoherence channels and TLS-TLS interactions one would expect for this model were also estimated. Lastly, a detailed experimental approach to test this model was suggested, using phononic band-gap engineering of a metal-oxide junction.
Another effective single electron model is given by localised metal-induced gap states (MIGS) at a metal/insulator interface. In this case, disorder at the interface localises a substantial fraction of MIGS electrons. The TLS is then formed by the magnetic moment of this localised electronic state. Choi et al. (2009) performed a tight-binding analysis of an exemplary metal/insulator interface and showed that the expected areal densities and resulting low-frequency noise spectral function were consistent with observed data on magnetic field noise in SQUIDs. Although this model was originally presented in an effort to explain the localised magnetic moments measured on the metal-oxide surface of SQUIDs, it may equally apply to Josephson junction based defects -forming either a localised charge or spin defect. In this spirit, the model was subsequently used to analyse the results of SET measurements of strongly coupled TLS (Pourkabirian et al., 2014) (see section IV.B). At this stage, little is understood on how susceptible MIGS are to decoherence and therefore whether the model is consistent with the long coherence times observed in qubit and resonator experiments.
C. Spins and magnetic impurities
As was summarised in section II.B, magnetic noise in superconducting circuits has been studied extensively from both a theoretical and experimental point of view. Although in this review we focus on individual TLS rather than ensemble effects, it is far from clear whether there should be any distinction between the two (other than the ability to spectrally resolve the former). Very recent work on spin states on the surface of metal-oxides has shown strong evidence of the role of oxygen and spinspin interactions. For example, Lee et al. investigated surface vacancy states on Al 2 O 3 and SiO 2 using density functional theory (Adelstein et al., 2014; Lee et al., 2014) . They concluded that dangling bond states on the surface formed paramagnetic localised magnetic moments.
Following this, Wang et al. (2015b) used density functional theory to study molecular oxygen adsorbed to the surface of Al 2 O 3 , estimating a magnetic dipole of 1.8 µ B . They used Monte-Carlo simulation of a spin lattice to show that the flux noise generated by such a model was consistent with that observed in SQUIDs. This analysis corresponds well with (and was inspired by) recent experiments illustrating the role of molecular oxygen (Kumar et al., 2016) and hydrogen (de Graaf et al., 2017) in generating flux noise. However, it remains unclear what, if anything, of this analysis can explain the emergence of strong interaction between quantum circuits and TLS. As yet, no experiments have demonstrated a signature of adsorbed magnetic moments while also demonstrating strong coupling of the same entity to a qubit or resonator degree of freedom.
D. Emergent models
There are various proposals of emergent TLS models, in which the underlying degrees of freedom do not specifically display TLS-like behaviour but interaction with other collective degrees of freedom results in effective TLS behavior. This general idea has also been studied in depth by the glass community, for instance in the context of localised or 'soft' phonon models, see e.g. (Buchenau et al., 1991; Finkemeier and von Niessen, 1998; Laird and Bembenek, 1996; Laird and Schober, 1991; Trachenko et al., 2000; Vural and Leggett, 2011; Zurcher and Keyes, 1997) . Here we focus on models proposed recently in the context of qubit and resonator experiments, or those in which metal oxides of interest to these experiments have been explicitly discussed.
One such model assumes pairs of trapping levels in the oxide barrier coupled to the superconductor, where a Cooper-pair couples simultaneously to a pair of states. This has been dubbed the Andreev-level fluctuator (Faoro et al., 2005) . Population and depopulation of the trap levels provides the fluctuating charge coupling to the electric field in the dielectric oxide, and potentially also modifies the critical current of the Josephson junction (de Sousa et al., 2009) . This mechanism can provide the correct frequency and temperature behavior for the noise generated by TLS, but requires an unphysical high density of states for the electron traps (Faoro and Ioffe, 2006) . To remedy those shortcomings, Faoro and Ioffe (2006) suggest that strong on-site repulsion of trap levels could lead to Kondo-like resonances close to the Fermi level. These resonances are characterized by a Kondo temperature T K , where the interplay between superconductivity and Kondo-physics determines the occupancy of the trap. For T K ∼ ∆ this mechanism leads to a high density of localized states at low energy, much larger than the original density of charge traps Ioffe, 2006, 2008) . It is worth noting that Kondo physics and glass-like thermal properties have been attributed to a TLS ensemble in crystalline ThAsSe (Cichorek et al., 2005) . Müller et al. (2009) conjectured that the observed strongly coupled TLS in phase qubits are formed from superradiant Dicke states of interacting microscopic TLS, explaining the occurence of strong coupling for only a small number of TLS. In this model, the strongly coupled TLS would exhibit higher levels with a quasi-linear level structure, an observation that is incompatible with experiments probing the structure of those defects.
VIII. EMERGENCE OF TLS IN FABRICATION
It has become clear that TLS are associated with the formation of amorphous layers at interfaces during circuit fabrication. In order to avoid and reduce loss from TLS in superconducting circuits, several strategies have been investigated, including:
• remove lossy dielectrics wherever possible
• limit the device's coupling to TLS by employing circuit designs where electric fields are reduced
• employ less reactive superconducting materials to avoid amorphous surface oxides
• carefully optimize fabrication recipes to avoid TLS formation at interfaces
• fabricate electrode and tunnel junction barriers from crystalline materials.
Here we summarize some of the main results of recent studies on the effect of modified fabrication recipes and what they can tell us about origin and location of TLS.
A. Vacuum dielectric
For coplanar resonators, it is important that the ground planes are well-connected in order to avoid parasitic slot-line modes. This is typically achieved by so-called airbridges, which are free-standing wire interconnects made by depositing a superconducting layer on a photoresist pedestal which is subsequently dissolved . Similarly, so-called vacuum gap capacitors have been realized by employing reactive ion etching to remove the major part of the silicon dielectric that separates two overlapping aluminium electrodes (Cicak et al., , 2010 . This reduced the loss rate of capacitors by one to two orders of magnitude. An often used alternative are planar capacitors in the form of interdigitated fingers, for which a large fraction of the electric field is contained in vacuum. However, more TLS are included since the total electrode area as well as their perimeter is much larger for finger capacitors. Gambetta et al. (2017) performed a study of Transmon qubit quality factors as a function of the interdigitated shunt capacitor geometry and found substantial capacitor loss when the finger spacing and width was below 20 µm. Slightly smaller losses were obtained with two rectangular in-plane capacitor electrodes separated by 70 µm, which however results in significantly larger circuit footprints.
B. Superconducting Nitrides
To minimize the density of TLS in amorphous surface layers, devices were fabricated from superconducting materials such as rhenium and nitrides including NbN and TiN, which are known to develop thinner oxide layers due to their weaker reactivity. However, in practice it is often difficult to attribute losses solely to the used materials, since their deposition and structuring typically involve different techniques and chemistry.
Comparing the loss rate of resonators fabricated from epitaxial rhenium and aluminium, Wang et al. (2009) found three times lower loss in rhenium resonators. Similarly, nitride dielectrics such as SiN x are typically less lossy than their oxide counterparts such as SiO x (O'Connell et al., 2008) .
NbTiN was shown to exhibit much smaller loss (Barends et al., 2010b) and less noise (Barends et al., 2010a) than Nb, Al and Ta. Accordingly, resonator quality factors up to 250·10
3 were reported at low temperatures and in the single-photon regime, which could be further increased by etching a 0.9 µm deep groove in the gap layer to reduce the volume of lossy substrate. In accordance, only a weak power dependence was found in these resonators, and grooves additionally reduced the level of noise by 7 dB. At these high quality factors, native SiO 2 on Si substrates was shown to dominate the losses. Vissers et al. (2010) compared losses in resonators fabricated from differently grown TiN and achieved highfield quality factory exceeding 10 7 for (200)-TiN polycrystalline films, while (111)-TiN was shown to exhibit excess loss. Here, a SiN buffer layer on silicon substrates stabilized the growth of (200)-TiN and also significantly reduced the loss in comparison to resonators deposited on bare Sapphire substrates. Sage et al. (2011) studied the power-dependent loss in resonators made from different materials and obtained highest quality factors for polycrystalline TiN and Al which exceeded those of epitaxial rhenium slightly, while Nb showed largest losses irrespective of film crystallinity.
Planar Transmon qubits made with TiN interdigitated capacitors on nitrided silicon substrates showed long coherence times up to 60 µs, which were compared to similar devices made with Al capacitors that achieved 18µs (Chang et al., 2013) .
Despite the small losses observed with TiN films, the properties of this material depend strongly on deposition conditions and are subject to aging once they are exposed to air due to incorporation of contaminants. Ohya et al. (2014) presented a systematic comparison of TiN film properties as a function of sputtering parameters, showing that minimal losses of TiN resonators are associated with reduced film strain and, surprisingly, increased oxygen content.
C. Substrates
The bulk of sapphire substrates contributes minute losses to quantum circuits as verified by Creedon et al. (2011) , who extracted loss tangents < 10 −8 for dielectric whispering gallery mode resonators. Gao et al. (2007) compared the noise properties of resonators fabricated from different superconducting materials and substrates and found smaller levels of phase noise for resonators produced on Sapphire substrates in contrast to Si or Ge. In contrast, Sage et al. (2011) found little influence of the substrate when comparing different resonator and substrate materials, which may be explained by different processing steps employed in the former work. No difference in resonator loss was found also for silicon substrates that were capped with either a wet or dry oxide layer, indicating that OH − groups were not a dominant source of TLS in these samples . Recently, Dial et al. (2016) reported higher quality factors for Transmon qubits fabricated on sapphire produced by the heat exchanger method in comparison to the more common edge-defined film-fed grown sapphire.
Thermally oxidized silicon substrates incorporate high densities of coordination defects at the Si/SiO 2 interface (Helms and Poindexter, 1994) . Therefore, cleaning Si substrates in hydrofluoric acid (HF) prior to film deposition in order to remove native oxide and to terminate the surface with hydrogen has been shown to significantly reduce resonator loss (Goetz et al., 2016; Vissers et al., 2010) . The dependence of resonator loss on substrate resistivity was investigated by Chen et al. (2008) , finding enhanced loss for resistivities below 19 Ω·cm. Also in those measurements, it did not make a difference whether the native SiO 2 was removed prior to film deposition.
D. Cleaning methods, chemical residuals and film structuring
To avoid TLS formation due to adsorbants and residuals on pristine substrates, proper cleaning of the substrate prior to material deposition turned out to be vital. Megrant et al. (2012) showed that resonators with quality factors exceeding 10 6 can be fabricated from Al on sapphire when the substrate was first cleaned by a reactive oxygen plasma at 850
• C. This may indicate that TLS are formed from adsorbed hydroxyl groups, which are capable of saturating the sapphire (0001) surface (Ahn and Rabalais, 1997) and remain there even after annealing at 1100
• C in UHV (Niu et al., 2000) . Sputtered aluminium resulted in rougher films and smaller resonator quality factor than Al that was electron-beam evaporated or deposited by MBE. Cleaning by an reactive oxygen plasma was found to create less substrate damage than ion-milling, resulting in smoother films and a higher quality interface. Quintana et al. (2014) obtained twice as large resonator quality factors and thinner disordered interfacial layers when the substrate was cleaned by a weak in situ ion-mill (200 eV / 4 mA for 10 seconds) compared to stronger milling (400 eV / 20 mA for 3.5 minutes).
The importance of proper cleaning was further emphasized in a study of aging effects in Josephson junctions by Pop et al. (2012) . Junction aging is predominantly attributed to the presence of chemical contamination such as photoresist residues, which thermally diffuse into the junction barrier. Pop et al. showed that completely stable Al/AlO x /Al junctions can be obtained if the substrate was thoroughly cleaned with an optimized reactive oxygen plasma. This was further cross-checked by annealing junctions in the presence of a PMMA resist capping layer, which resulted in unstable junctions, presumably due to incorporation of hydroxides from the resist into the oxide barrier.
Stability of Al/AlO x /Al tunnel junctions was also improved by annealing finished junctions in a vacuum chamber at a temperature of 400
• C (Koppinen et al., 2007) . Moreover, it was shown that annealing also improves the tunnelling characteristics as it results in increased subgap resistance and disappearance of subgap resonances which are due to resonant or inelastic tunneling at barrier impurities. It was suggested that elevated temperatures result in dissociation of aluminium hydrates which may form during thermal oxidation in the presence of water vapour (Gates et al., 1984) . The hereby released oxygen is expected to combine with the junction electrode material which further increases the tunnel barrier and reduces the critical current.
Outgassing of PMMA photoresist masks during film deposition is suspected to degrade the quality of Nb resonators as was reported by Chen et al. (2008) . Quintana et al. (2014) compared losses in resonators patterned either by a lift-off process or by etching. Etched resonators showed a three times higher Q-factor at low powers and temperatures, which was attributed to residual photoresist contamination at the S-M interface. This was verified by high-resolution transmission electron microscopy, which revealed the presence of an 1.6 nm -thick residual resist polymer layer showing a peak in carbon content, followed by a 2 nm-thick layer containing oxygen and AlO x which was presumably formed by deposited Al reacting with resist or solvent residues and likely contained high TLS densities. Moreover, it was shown that these residuals can be efficiently cleaned using a downstream oxygen ash descum procedure, which employs neutral oxygen atoms to chemically remove developed photoresist from the heated substrate, bringing the losses back to the smaller levels found in etched control resonators. Similar cleaning efficiency was found with an UV-ozone process that does not require substrate heating, and is therefore preferable for Josephson junction fabrication. Sandberg et al. (2012) investigated how different etching methods affect the quality of TiN CPW resonators on Si substrates, and found that Ar-ion mill patterning resulted in enhanced loss due to the emergence of fencelike structures at the etched edges by re-deposition of Si. Lowest loss was achieved using a fluorine-based reactive ion etch, presumably due to its higher edge rates compared to a chlorine-based process. The latter process was also suspected to leave Cl salts on the surface and to implant boron ions. Additionally, Chen et al. (2003 Chen et al. ( , 2008 observed that the quality of Nb films is strongly degraded by dry etching in SF 6 plasma as compared to films structured by a lift-off process.
E. Epitaxial films
Soon after it was first recognized that qubit energy relaxation and appearance of avoided level crossings are associated with TLS in amorphous materials, first attempts were made to realize crystalline tunnel junction barriers. Simmonds et al. (2004b) compared the performance of Josephson junctions made with conventional ion-mill recipes to those from trilayer processes, where the amorphous tunnel barrier is grown in situ on a crystalline Al bottom electrode without breaking vacuum. While DC transport characteristics such as residual subgap conductance were improved significantly for crystalline base electrodes, phase qubits made from these junctions showed no advancement. However, the highfrequency loss relevant for qubit dissipation may have stemmed from the SiO 2 dielectric that was used for junction insulation in all tested samples.
Josephson junctions with a crystalline Al 2 O 3 tunnel barrier, grown on an epitaxial Re bottom electrode and capped by polycrystalline Al, were fabricated by Oh et al. (2005) . Phase qubits employing these junctions displayed a factor of five smaller number of avoided level crossings in spectroscopy. However the qubit's energy relaxation rate was not reduced, presumably due to the presence of lossy SiO 2 wiring insulation (Oh et al., 2006) .
Fully crystalline junctions were fabricated from epitaxial NbN/AlN/NbN trilayers deposited on MgO (100) substrates by Nakamura et al. (2011) . Here special care was taken to grow the AlN tunnel barrier with a cubic crystal structure in order to avoid piezoelectricity which would lead to conversion of Josephson plasma oscillations into phonons. Transmon qubits with these junctions showed T 1 times ranging between 250 and 450 ns.
This was significantly longer compared to ∼10 ns that was achieved with amorphous AlN tunnel barriers in early phase qubits (Martinis, 2009 ), but also significantly shorter than state-of-the-art Transmons which employ shadow-evaporated junctions. Kline et al. (2012) fabricated junctions with crystalline Sapphire (Al 2 O 3 ) barriers grown on an epitaxial Re/Ti multilayer base electrode. The multilayer was made by depositing 1.5 nm of Ti on 10 nm-thick layers of Re and repeating these steps 12 times. This resulted in much smoother films (rms roughness of 0.6 nm) as compared to pure Re films which showed terrace structuring and higher rms roughness 3.2 nm due to basal-plane twinning (Welander, 2010) . Junctions that were capped by Re showed much smaller subgap resistance and poor performance when employed in a phase qubit as compared to junctions using Al top electrodes. Weides et al. (2011) probed coherence in Transmon qubits which comprised (ReTi) 12 /Al 2 O 3 /Al epitaxial junctions, and measured a small loss tangent of 6·10 −5
for the crystalline tunnel barrier. Spectroscopy on these samples showed a small number of avoided level crossings due to strongly coupled TLS. However, energy relaxation times were still rather short, probably due to the large junction areas, since the films were structured by optical lithography.
Various problematic effects in the fabrication of epitaxial aluminium films were identified by Richardson et al. (2016) . These include Al sidewall corrosion due to resist developers, nanoparticle contamination, and persistent photoresist residue. Tan et al. (2005) reported that the diffusion process in thermal oxidation results in oxygen vacancies which bind a layer of chemisorbed O − 2 on the oxidized aluminium. This is associated with excess junction noise and larger spread of barrier resistances over devices. These effects can be mitigated by codeposition of Al and O 2 as shown by Welander et al. (2010) . They obtained ideal subgap resistance of amorphous AlO x barriers which were codeposited on epitaxial Nb/Al base electrodes, while thermal oxidation resulted in an excess shunt conductance. Patel et al. (2013) fabricated crystalline shunt capacitors by etching a silicon-on-insulator substrate into a membrane which was covered by Al on both sides. Phase qubits employing such shunt capacitors showed a twice longer T 1 time compared to samples with amorphous dielectrics.
IX. CONCLUSIONS AND OUTLOOK
In this review, we have summarised the role TLS defects play in superconducting circuits, focusing on both the challenges and opportunities that they represent. Although TLS physics is a relatively old topic of study, superconducting circuits have provided an entirely new way of looking at this problem, and an even greater urgency to solve it.
Using superconducting circuits to probe TLS provides a range of new possibilities that were simply unavailable to the solid-state glass community over the previous decades. Probing an individual TLS, determining its characteristic properties including energy splitting, decoherence rates, and strain response, all as a function of field, temperature or strain has now become achievable.
Equally on the side of theory, there are now very specific targets and goals. The number of relevant materials is relatively small, the properties of interest are very specific and quantitative theory/experiment comparison is becoming the norm. We are now reaching the point where atomistic models can be compared directly to the (until recently) purely phenomenological parameters of the standard tunnelling model.
To move forward will require even closer collaboration between theory and experiment. New experimental designs and apparatus that allow measurement of several different parameters of a particular TLS provide the possibility of estimating these parameters without any unknown scale factors. Honest evaluation of the data with respect to all available theory models is required, without bias towards any particular model. Novel studies of material, fabrication and design dependent performance of devices will provide new insight and hopefully new solutions to this problem.
TLS continue to be the Achilles heel of superconducting electronics but there is reason for hope. Ironically using superconducting devices to probe TLS physics provides the very real possibility of solving one of the great mysteries of solid-state physics -the true microscopic origin of these ubiquitous defects.
